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Background/Aims
The increase in the prevalence of obesity is attributed to increased food intake and decreased physical activity in addition to 
genetic factors. Altered gut functions have been reported in obese subjects, whereas, little is known on the possible alterations 
in brain-gut interactions in obesity. The aim of the study was to explore possible alterations in gastric myoelectrical activity, 
gastric emptying, autonomic functions and central neuronal responses to gastric stimulations in diet-induced obese rats.

Methods
Gastric myoelectrical activity, gastric emptying and heart rate variability were recorded in lean and obese rats; extracellular neu-
ronal activity in the ventromedial hypothalamus and its responses to gastric stimulations were also assessed.

Results
(1) Gastric emptying was significantly accelerated but gastric myoelectrical activity was not altered in obese rats; (2) the normal 
autonomic responses to feeding were absent in obese rats, suggesting an impairment of postprandial modulation of autonom -
ic functions; and (3) central neuronal responses to gastric stimulations (both balloon distention and electrical stimulation) were 
blunted in obese rats, suggesting impairment in the brain-gut interaction.

Conclusions
In diet-induced obese rats, gastric emptying is accelerated, postprandial modulations of autonomic functions is altered and 
central neuronal responses to gastric stimulations are attenuated. These alterations in peripheral, autonomic and brain-gut in-
teractions may help better understand pathogenesis of obesity and develop novel therapeutic approaches for obesity.
(J Neurogastroenterol Motil 2013;19:454-466)
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Introduction
The prevalence of overweight and obesity is commonly as-

sessed by using body mass index (BMI, kg/m2) proposed by the 
National Institutes of Health1 and the World Health Orga-
nization.2 People with a BMI between 25 and 30 are described as 
overweight, while those with a BMI over 30 are counted as obese. 
Currently severe obesity (BMI > 40) affects more than 15 mil-
lion Americans.3,4 Obesity has reached epidemic proportions 
globally, with more than 1 billion adults overweight - at least 300 
million of them clinically obese - and it is a major contributor to 
the global burden of chronic diseases and disabilities. Obesity 
and overweight pose a major risk for serious diet-related chronic 
diseases, including type II diabetes, cardiovascular diseases, hy-
pertension, and certain forms of cancers. The health consequen-
ces range from increased risk of premature death, to serious 
chronic conditions that reduce the overall quality of life. The cost 
for treating obesity and its co-morbidity is over 100 billion in 
USA alone and is growing significantly.5

The development of obesity is attributed to both genetic and 
environmental factors. Consequently, 2 types of animal models 
have been widely used in obesity research: genetic and dietary 
models. Diet is a major factor within current obesogenic environ-
ment. It has been well-documented that both the amount and 
type of dietary fats and carbohydrates can have pronounced ef-
fects on body adiposity and parameters of glucose metabolism. 
The current obesity epidemic has increased interest in rodent 
models of diet-induced obese (DIO) from basic research. The 
Sprague-Dawley (S-D) rat model of DIO is reported to exhibit a 
clear segregation into susceptible and resistant subpopulations 
shortly after transfer to a high energy diet. Some investigators 
have demonstrated that adipose from DIO rats and obese hu-
mans share a similar global gene-expression pattern and indicated 
that there was a significant commonality of affected biological 
pathways between the DIO rat model and human obesity.6 DIO 
rats mimic human obesity in increased body weight and adiposity, 
increased circulating leptin and insulin levels, increased trigly-
ceride levels and decreased insulin sensitivity. All of these suggest 
that the DIO rat in general does represent an appropriate obesity 
model. However, little is known on peripheral gastric motility 
functions, autonomic functions and brain-gut interactions in 
DIO rats. The stomach acts as a reservoir for the ingested meal in 
the fundus; transports the food to the body and the antrum, mixes 
it with gastric secretions, and agitates it for breakdown to small-

er-sized particles, and finally empties the chyme to the duo-
denum. Gastric motility plays an important role in food consum-
ption and digestion: not only regulating the rate at which nu-
trients are transported to the small intestine for absorption but al-
so participating in the control of appetite and satiety. Conflicting 
findings have been reported on the alterations in gastric motility 
in obese patients.7 Gastric accommodation, the ratio of post-
prandial-to-fasting gastric volume, was found to be similar be-
tween asymptomatic obese and control subjects.8,9 Both solid and 
liquid gastric emptying studies have been performed in obese 
subjects with conflicting and inconclusive results. In one study, 
the emptying of liquids in obese subjects was found to be similar 
to that in healthy controls while solid gastric emptying was accel-
erated in obese subjects.10 Enhanced gastric emptying would re-
duce the negative feedback satiety signal produced by the pres-
ence of nutrients inside the stomach, and thus, precipitates a feel-
ing of hunger and shortens the interval between the consecutive 
meals. In rats, the accelerated gastric emptying was found to be 
related to overeating and obesity.11 

In addition to neural and hormonal regulations, gastric mo-
tility is also controlled by gastric myoelectrical activity (GMA). 
GMA consists of slow waves and spike potentials.12 A non-in-
vasive method similar to electrocardiography, called electro-
gastrography, has been developed and applied to detect gastric 
slow waves using abdominal surface electrodes. In adult patients 
with obesity, gastric slow waves assessed from the electrogas-
trography were not altered except a decrease in the amplitude of 
the recording that could be attributed to the thickness of the ab-
dominal wall in obese patients.13 Similarly, no alterations in 
GMA were noted in pediatric patients with obesity.14

Heart rate variability (HRV) refers to a measure of the 
beat-to-beat alterations in the heart rate. It is usually calculated by 
analyzing a time series of beat-to-beat intervals from the electro-
cardiogram (ECG) or of beat-to-beat intervals derived from an 
arterial pressure tracing. Recently, HRV has emerged as a sim-
ple, non-invasive and established method to evaluate the sym-
patho-vagal balance at the sinoatrial level. The analysis of HRV is 
regarded as an indicator of the activity of autonomic regulation of 
circulatory function and as a marker reflecting the activity of the 
sympathetic and vagal components of the autonomic nervous 
system.15-17 In this study, fasting and postprandial spectral analy-
ses of the HRV signal were preformed to compare possible dif-
ferent autonomic functions in control and obese rats.

It is believed that the ventromedial hypothalamus (VMH) is 
closely related to the regulation of feeding behavior and plays an 
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important role in the mediation of satiety. It has been well estab-
lished in our group to study the effects of gut stimulation on neu-
ronal activity changes in the central nervous system.18,23 One of 
the previous studies showed that gastric electrical stimulation 
(GES) activated gastric distention-responsive (GD-R) neurons 
in the VMH, and the effect was related to the strength of stim-
ulation in normal weight rats.21 But it is unknown whether the 
obese rats have the same central neuronal responses to gastric me-
chanical/electrical stimulation. 

Therefore, the aim of the study was to investigate the possible 
alterations in (1) gastric functions (GMA and gastric emptying), 
(2) autonomic functions and (3) central neuronal responses to 
gastric stimulation (balloon distention and electrical stimulation) 
in DIO rats in comparison with the control lean rats.

Materials and Methods

Animals
Fifty male S-D rats at age of 3 weeks were obtained from 

Charles River Laboratories, USA. The rats were housed in a fa-
cility with controlled temperature (22 ± 2oC) and maintained in 
12/12 hours light-dark cycles (light on from 7 am to 7 pm) with 
water accessible at all the time. The rats were then randomly div-
ided into 2 groups: (1) the control group (n = 20), fed with 
standard laboratory chow, consisting of 10% fat, 60% carbohy-
drate and 28% protein (Lab Diet Inc, Brentwood, MO, USA); 
(2) the high-fat (HF) diet group (n = 30) fed with HF 
(condensed milk diet) diet, consisting of 31.8% fat, 51.4% carbo-
hydrate and 16.8% protein (Research Diets Inc, New Brunswick, 
NJ, USA). Body weight was monitored once every week. At the 
15th week, the rats in the HF diet group showing a body weight 
higher than the highest in the control group were assigned to the 
DIO group (n = 22, body weight 480.0 ± 8.2 g in the DIO 
group vs. 392.4 ± 10.8 g in the control rats). The remaining 
eight rats in the HF diet group were discarded. The study was 
approved by the Institutional Animal Care and Use Committees 
at the University of Texas Medical Branch, Galveston and VA 
Medical Center in Oklahoma City. All procedures were con-
ducted in accordance with the Guidelines for the American Care 
and Use of Laboratory Animals.

Experiment 1: Assessment of Gastric Functions
Surgical procedure

After an overnight fast, 10 rats in each group were operated 

under anesthesia with an intraperitoneal ketamine hydrochloride 
(60 mg/kg) and xylazine (8 mg/kg) mixture. Supplemental anes-
thesia was given throughout the surgery as required. A midline 
laparotomy was performed and one pair of 28 gauge stain-
less-steel cardiac pacing wire (A&E Medical, Farmingdale, NJ, 
USA) was implanted on the serosal surface of the stomach along 
the greater curvature at 0.5 cm above the pylorus. The distance 
between the 2 electrodes in the pair was 0.3 cm. The electrodes 
(naked portion of the pacing wire) penetrated the subserosa and 
were affixed to the gastric serosa with sutures. The insolated con-
necting wires were subcutaneously tunneled through the anterior 
abdominal wall, along the right side of the trunk, and were led 
outside the skin to the back of the neck for attachment to a 
bio-signal recorder. The abdominal wall and skin were closed in a 
simple interrupted pattern. 
Recording and analysis of gastric myoelectrical activity 

GEA was recorded in the conscious state in the above rats 
(DIO rats, n = 10; control rats: n = 10) for 30 minutes in the 
fasting state (overnight fasted) and 30 minutes after a liquid test 
meal containing phenol red via the chronically implanted serosal 
electrodes using a physiological recording system (Acqknowled-
ge III, EOG 100A; Biopac System, Inc, Santa Barbara, CA, 
USA). The GMA signal was displayed on a computer monitor 
and saved on the PC. The low and high cutoff frequencies of the 
amplifier were 0.05 and 35 Hz, respectively. For the analysis of 
gastric slow waves, the signal was further low-pass filtered with a 
cutoff frequency of 1 Hz and down-sampled at 2 Hz. 

Previously validated computerized spectral analyses were 
performed to derive the percentage of normal gastric slow waves, 
the dominant frequency (DF) and dominant power of the GMA 
recordings. (1) The percentage of normal gastric slow waves was 
the percentage of time during which regular 4-6 cpm slow waves 
were presented over the 30-minute period. Each recording was 
divided into blocks of 1 minute without overlapping. The power 
spectrum of each 1 minute recording was calculated and exam-
ined to see if the peak power was within the range of 4-6 cpm. 
The 1 minute recording was called normal if the peak power was 
within the 4-6 cpm range. Otherwise it was defined as dysrhy-
thmia. (2) The frequency at which the overall power spectrum of 
the entire recording displays a peak power in the range of 1.0-9.0 
cpm was defined as the DF. The DF has been shown to be equal 
to the frequency of the gastric slow wave measured from im-
planted serosal electrodes.24 Smoothed power spectral analysis 
was used to produce the overall power spectrum during each re-
cording period, which were 30 minutes in the fasting state and 30 
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minutes after the test meal. (3) The power at the DF in power 
spectrum analysis was defined as the dominant power (DP).25,26 
The dominant power of the GMA recording was expressed as 
decibels (dB).
Gastric emptying test

The same rats (DIO, n = 10; control, n = 10) used in the 
GMA recording were used for the gastric emptying test (after the 
completion of experiment 2). The animals were fasted overnight 
and fed with a methylcellulose test meal during the test. 
Methylcellulose was dispersed in water at 80oC at a final concen-
tration of 1.5% under continuous stirring. The solution was al-
lowed to cool down to 37oC, and was mixed with phenol red (a 
non absorbable marker). A volume of 1.5 mL of the methyl-
ecellulose meal mixed with phenol red (0.5 mg/mL) was given 
orally into the stomach through a 16-gauge stainless steel feeding 
needle which was removed immediately after delivery of the 
solution. Thirty minutes after the injection of the meal, the rats 
were rapidly euthanized and the stomachs were clamped at the 
pylorus and the gastroesophageal junction and then removed. 
The stomachs were then placed in 100 mL of 0.1 N NaOH, cut 
into small pieces, homogenized for 30 seconds and then the sus-
pension was allowed to settle for 60 minutes at room temperature. 
Afterwards, 5 mL of supernatant was taken out of the solution 
and put into a test tube with 0.5 mL of trichloroacetic acid (20% 
wt/vol), and centrifuged at 3,000 rpm for 30 minutes. The con-
tent of the centrifuged tube was then transferred into another test 
tube and added with 4 mL of 0.5 N NaOH. The absorbance of 
the sample was read at a wavelength of 560 nm with a spectropho-
tometer. Gastric retention was calculated based on the amount of 
phenol red recovered from the stomach 30 minutes after the meal.

Experiment 2: Assessment of Autonomic Func-
tions

This experiment was also performed in the same 20 rats used 
in experiment 1 before the gastric emptying test. The autonomic 
functions were assessed by the spectral analysis of the heart rate 
variability signal that was derived from the ECG.  

The ECG was recorded for 30 minutes in the fasting state 
and 30 minutes after a liquid test meal containing phenol red. A 
special amplifier (2283ft/i Fetrode Amplifier; UFI, Morro Bay, 
CA, USA) with a recording range of 1.5 to 100 Hz was used to 
record the ECG via the pair of electrodes implanted on the gas-
tric serosa and a third electrodes on the skin of the rat body. 
Typically, the ECG is recorded using abdominal skin electrodes. 
However, in this rodent study, we found that the quality of the 

ECG signal was much better when the gastric serosal electrodes 
were used. The ECG signal was digitized using the sound card 
installed on the PC at a sampling frequency of 500 Hz, displayed 
on a computer monitor, saved on a PC. The HRV signal was de-
rived from the original ECG recording by identifying R waves, 
interpolating R-R interval data (bilinear interpolation) at 100 
Hz, and, finally, down sampling the interpolated HRV data at 8 
Hz suitable for spectral analysis. 

Spectral analysis of the HRV signal was performed using the 
smoothed spectral analysis method.27 Spectral powers at two fre-
quency ranges were averaged using a method published in the lit-
erature28: (1) a high-frequency band (HF: 0.8 to 4.0 Hz) reflect-
ing parasympathetic or cardiac vagal efferent activity; and (2) a 
low-frequency band (LF: 0.3 to 0.8 Hz) reflecting mainly sym-
pathetic activity. 

Experiment 3: Central Neuronal Responses 
to Gastric Distention and Electrical Stimula-
tion
Surgery preparation

Ten control rats and 12 DIO rats were used in this 
experiment. After general anesthesia, a catheter was inserted into 
the right carotid artery to monitor blood pressure by a pressure 
transducer. A plastic tube was inserted into the trachea by trache-
otomy for artificial ventilation using a volume-control pump 
(55-60 strokes/min, 3-5 mL stroke volume). After midline lapa-
rotomy, the stomach and proximal duodenum were exposed, a 
small incision was made at the fundus, and the stomach was gen-
tly cleaned by a small spoon. A latex balloon was placed in the 
proximal stomach via incision in the fundus and secured in place 
by a purse-string suture. One pair of same cardiac pacing wires 
used in experiment 1 was sutured onto the serosal surface of gas-
tric antrum close to the lesser curvature for delivering electrical 
stimulation. After the abdominal surgery, the rat was positioned 
on the stereotaxic frame and the dorsal surface of the brain was 
exposed. Small holes were drilled in the skull to expose the cortex, 
and the dura was cut. The stereotaxic coordinates were used in 
accordance with the atlas of the rat brain.29 A one-barrel glass mi-
croelectrode filled with 0.5 M sodium acetate and 2% pontamine 
sky blue (tip diameter 3-10 μm, resistance 5-15 MΩ) was ad-
vanced with the aid of a hydraulic micro-positioner into the area 
of the VMH (2.3-2.8 mm posterior to the bregma, 0.5-1.0 mm 
right/left lateral to the midline and 8.8-10.0 mm below the outer 
surface of the skull). The open part of the brain was covered by 
3% agar in saline to limit any displacement due to respiration or 
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Figure 1. Comparison of body weight changes in the control and 
diet-induced obese (DIO) rats from the age of 8 to 15 weeks. 

heartbeats. 
Experimental procedures

After the microelectrode was advanced into the area of the 
VMH, the extracelluar action potentials of single neurons were 
recorded via the glass microelectrode (with the ground electrode 
placed on the epicranium of the rat, amplified using a high input 
impedance amplifier (2400A; Dagan corporation, Minneapolis, 
MN, USA), displayed on an oscilloscope. All data measured 
with or without GD or GES were recorded and stored in a com-
puter with a sampling frequency of 100 Hz for further analyses. 

When a neuron was identified and its firing pattern had be-
come stable for at least 10 seconds, GD was performed by inflat-
ing the gastric balloon with air for 20 seconds to determine 
whether the neuron was responsive to GD. Once a neuron was 
identified as GD-R neuron, a few more episodes of distention 
with different pressures (20, 40 and 60 mmHg for 10-20 sec-
onds) were applied in a randomized order with a sufficient recov-
ery period in between 2 consecutive episodes of distention. After 
the GD test, GES was applied for one minute with using pulse 
trains (train on-time of 2 seconds, off-time of 3 seconds; pulse 
width of 0.3 miliseconds; frequency of 40 Hz and amplitude of 6 
mA) and the neuronal response to GES was recorded. This set of 
GES parameters was the same as the one used in clinical studies 
in which GES was applied for the treatment of obesity.30-32

After the recording, a cathodal current (10 mA, 20 minutes) 
was applied by the same glass microelectrode to mark the record-
ing site. At the completion of the entire study in a rat, the rat was 
euthanized and the brain was removed and stored in fixative 
solution. Frozen sections of 40-50 μm of the brain were viewed 
by a microscopy to identify the recording locations. If the record-
ing sites (lesion generated by the electrical current) were outside 
of the VMH, the data were excluded from the analysis. 

A total of 83 neurons were studied in this way from the 10 
control and 12 DIO rats. In average, around 4 neurons were 
studied in each rat.
Data analysis

All signals measured with or without GD or GES were re-
corded and stored in a computer for analyses. Spontaneous activ-
ity of neurons was determined by counting activity for 10 seconds 
and then dividing by 10 to obtain impulses per second. An in-
crease or decrease of 20% from the baseline level of neuronal ac-
tivity during GD or GES was considered as an excitatory or in-
hibitory response to GD or GES. A neuron that was responsive 
to GD of low pressure (20 mmHg) was classified as a low thresh-
old (LT) neuron, whereas a neuron that was responsive only to 

GD of high pressure (40 and 60 mmHg) was called a high 
threshold (HT) neuron. The percentages of neurons responsive 
to GD/GES in the control and DIO rats were determined. 

Statistical Methods
All the data are presented as mean ± SE. Unpaired t test was 

used to determine the difference in any of the above functions/pa-
rameters between the control and DIO rats. P ＜ 0.05 was con-
sidered statistically significant.

Results

Development of Obesity
Figure 1 shows the growth of the rats from the age of 8 weeks 

to 15 weeks, and the body weight gain during the feeding period 
is gradual. The diet-induced phenotype becomes most apparent 
after 8 weeks of HF feeding. The control and DIO rats had sim-
ilar body weight at the age of 8 weeks. However, at the age of 15 
weeks, the DIO rats weighed 21.9% more than the control rats (n 
= 22; 480.0 ± 8.2 g vs. 392.4 ±10.8 g; P ＜ 0.05, unpaired t 
test). About 73% of the male S-D rats fed with the HF diet for 15 
weeks in the current study became obese.

Gastric Motility Functions
Gastric slow waves were not altered in the DIO rats com-

pared with the control rats, as shown in Table 1. The percentage 
of normal gastric slow waves of DIO rats was 83.0 ± 3.3% in the 
fasting state and 85.2 ± 2.7% in the fed state; these were com-
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Table 1. Major Electrogastrography Parameters in Control and Diet-induced Obese Rats

DIO rats
Paired t test

Control rats
Paired t test

Fasting Postprandial Fasting Postprandial

DF (cpm) 5.0 ± 0.1 5.6 ± 0.1 ＜ 0.05 5.0 ± 0.2 5.3 ± 0.2 NS
DP (dB) -2.5 ± 0.8 -4.3 ± 1.0  NS -5.4 ± 0.9 -4.7 ±0.8 NS
% of normal slow wave 83.0 ± 3.3 85.2 ± 2.7 NS 87.2 ± 3.3 83.6 ± 1.2 NS
% of bradygastria 3.2 ± 1.3 2.0 ± 1.5 NS 3.5 ± 1.0 3.6 ± 1.4 NS
% of tachygastria 8.6 ± 2.6 9.3 ± 1.2 NS 2.9 ± 2.9 7.1 ± 1.7 NS
% of arrythmia 5.3 ± 2.4 3.6 ± 2.0 NS 6.4 ±1.0 5.7 ± 2.2 NS

DIO, diet-induced obese; DF, dominant frequency; DP, dominant power.

Figure 2. Regular gastric slow waves were recorded from a control rat
(A) and a diet-induced obese rat (B). The frequency of the gastric slow 
wave was about 5 cycles/minute.

parable with those of the control rats. Figure 2 shows the regular 
gastric slow waves observed in a DIO rat and a control rat. 
Similarly, no difference was noted in the percentage of bradygas-
tria, tachygastria or arrhythmia between the DIO and control rats 
in either fasting or fed state. Although there was a significant 
postprandial increase in the DF of the slow waves in the DIO rats 
that was not appreciated in the control rats, no difference was not-
ed in the frequency between the DIO and control rats.

Gastric emptying was significantly accelerated in the DIO 
rats compared with the control rats. The percentage of gastric 
emptying at 30 minutes after the meal ingestion was 76.3 ± 1.8% 
in the DIO rats and 64.9 ± 3.4% in the control rats (P ＜ 0.05, 
unpaired t test); an 18% increase was appreciated.

Autonomic Functions
No difference was noted in the sympathetic and para-

sympathetic activities derived from the spectral analysis of the 
HRV signal in the fasting state between the control and DIO rats 
(Table 2). However, the postprandial alterations observed in the 
control rats were absent in the DIO rats, suggesting an impair-
ment of postprandial modulation of autonomic functions in the 
DIO rats. As shown in Table 2, the sympathetic component, LF 
and the vagal component, HF in the DIO rats of the fasting state 
were comparable to the corresponding values in the control rats 
(P ＞ 0.05, unpaired t test). In the control rats, significant 
changes were noted in LF, HF and LF/HF ratio (the index of 
the sympathovagal balance) between the fasting and postprandial 
states, suggesting meal-induced alterations in the autonomic 
functions. These meal-induced changes were however, absent in 
the DIO rats, indicative of blunted postprandial changes in the 
autonomic functions.

Central Neuronal Responses to Gastric Sti-
mulation

Sixty-one of the 83 neurons were responsive to GD of up to 
60 mmHg while the rest 22 neurons did not respond to GD. The 
VMH neurons in the DIO rats were found to be less sensitive to 
GD. A significantly lower percentage of neurons (LT/LT + 
HT, 12/38, 31.6%) were activated by GD of 20 mmHg (LT) in 
the DIO rats, compared with that in the control rats (14/23, 
60.8%) (P = 0.048, unpaired t test). This finding suggested that 
the DIO rats were more resistant to GD at a physiological 
pressure. No significant difference was noted in the percentage of 
the neuronal responses to GD of 60 mmHg (HT) between the 
DIO rats and the control rats (69.7% vs. 76.0%; P ＞ 0.05, un-
paired t test). Typical tracings are presented in Figure 3, showing 
the different responses to GD between a DIO rat and a control rat.
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Table 2. Heart Rate and Autonomic Functions in Control and Diet-induced Obese Rats

DIO rats
Paired t test

Control rats
Paired t test

Preprandial Postprandial Preprandial Postprandial

Heart rate 215.86 ± 6.82 223.57 ± 6.91 NS 210.45 ± 6.21 227.85 ± 5.00 ＜ 0.01
LF/HF 0.64 ± 0.21 0.43 ± 0.10 NS 0.92 ± 0.49 0.41 ± 0.06 ＜ 0.01
LF 0.39 ± 0.05 0.30 ± 0.04 NS 0.48 ± 0.05 0.29 ± 0.03 ＜ 0.05
HF 0.61 ± 0.05 0.70 ± 0.04 NS 0.52 ± 0.05 0.71 ± 0.03 ＜ 0.05

DIO, diet-induced obese; LF, low-frequency band; HF, high-frequency band.

Figure 3. Typical tracings (A-D) of 
various neuronal responses to gastric 
distention (see arrows). (A) Low thre-
shold inhibitory responses to both non- 
noxious (20 mmHg) and noxious (40 and
60 mmHg) gastric distention in a control 
rat. (B) High-threshold excitatory re-
sponses only to noxious (40 and 60 
mmHg) gastric distention in a control rat.
(C) Low threshold excitatory responses to
both non-noxious (20 mmHg) and noxi-
ous (40 and 60 mmHg) gastric distention
in a diet-induced obese rat. (D) High- 
threshold inhibitory responses only to 
noxious (40 and 60 mmHg) gastric 
distention in a DIO rat. In figures A to 
D: the upper panels show the histograms
of the neuronal activity rates and the 
bottom panels show the original cell 
activity.
Figures C and D are presented at page 
461.

Similarly, the VMH neuron responses in the DIO rats were 
less responsive to GES in comparison to the control rats. The 
percentage of responses to GES in the DIO rats was significantly 
lower compared with that in the regular rats (31.5% vs. 78.2%, P 

＜ 0.03, unpaired t test). Figure 4 shows the effects of GES on 
VMH GD-responsive neurons in a regular rat and a DIO rat.
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Figure 3. Continued.

Discussion
In the present study, there were marked differences in liquid 

gastric emptying, postprandial gastric slow waves and central 
neuronal responses to GD and GES between the control rats and 
the DIO rats.

In general, human obesity is not largely attributed to specific 
mutations in a particular gene, but represents the outcome of an 
underlying multi-gene predisposition or susceptibility to obe-
sity.33 Diet is a major factor in the current obesogenic environ-
ment. HF diet is known to induce obesity and metabolic dis-
orders in rodents that resemble the human metabolic syndrome.34 
Obesity can be more effectively induced and last longer when 

HF diet is given at a young age.35 The DIO rat has been reported 
to show a different energy metabolism with lower energy ex-
penditure and an increased respiratory quotient that indicates a 
lower use of fat as fuel substrate favoring the fat storage.36,37 The 
model of diet-induced obesity in rodents shares a number of sim-
ilar phenotypes of human obesity, including polygenic inheri-
tance, insulin resistance,38 hyperlipidemia,39 hypertension40 and 
central leptin resistance.41-43 Thus, the DIO rodent model is a 
valuable tool for assessing the underlying biological processes 
that contribute to the development of obesity in humans.

In the present study, we found that gastric emptying was ac-
celerated in the DIO rats compared with the control ones. It has 
been reported that obesity is associated with an altered rate of gas-
tric emptying. Green et al44 observed an acceleration of gastric 
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Figure 4. Effects of gastric electrical 
stimulation (GES) on gastric distention- 
responsive (GD-R) neurons in the ven-
tromedial hypothalamus of regular and 
diet-induced obese (DIO) rats. (A) Ex-
citatory effects of GES on GD-R neuron
in a control rat, GES excited the spon-
taneous neuronal activity compared with 
baseline (before GES); (B) Inhibitory 
effects of GES on GD-R neuron in ano-
ther control rat, GES inhibited the spo-
ntaneous neuronal activities compared 
with baseline; (C) Effects of GES on 
GD-R neuron in a DIO rat, there is no 
obvious changes with GES on the spon-
taneous neuronal activity during and 
after stimulation compared with baseline.
In figures A to C: the upper and middle 
panels show histograms without and with
stimulation artifacts, and the bottom 
panels show original neuronal activity. 
GES parameters: train on-time of 2 
seconds, off-time of 3 seconds; pulse 
width of 0.3 miliseconds; frequency of 40
Hz and amplitude of 6 mA.
Figure C is presented at page 463.

emptying in obese Zucker diabetic rats of early non-insulin-de-
pendent diabetes mellitus. An earlier study has also showed an ac-
celeration of gastric emptying in rats with obesity resulting from 
lesions in the VMH.11 The gastric emptying rate in obese hu-
mans has been reported to be controversial because of the variety 
or the lack of standardization of measurements or methods 
used.45 Abnormal gastric emptying was reported in a number of 
studies in obese patients.46-48 A study using 300 mL liquid 
fat-rich meal showed no difference in gastric emptying between 
obese and lean groups but improved absorption in the upper part 
of the intestine was observed in obese subjects.49 Some other 
studies reported a rapid solid gastric emptying rate in obese pa-

tients than non-obese subjects and the authors suggested that the 
faster rate of gastric emptying in obese subjects might be a funda-
mental cause of obesity.48-50 In another set of studies, gastric emp-
tying of solid and semi-solid was assessed using non-invasive 
13C-octanoic acid and 13C-acetic breath tests in morbidly obese 
and non-obese subjects; the data demonstrated a prolonged lag 
phase and a significantly enhanced gastric emptying of the solid 
but not semi-solid meal in morbidly obese patients.51-53 In a most 
recent study with subjects assigned to consume different iso-
caloric diets adjusted for BMI and activity level, solid gastric 
emptying, gastric volume and satiation were found unchanged in 
obese patients.54 While these clinical studies revealed incon-
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Figure 4. Continued.

clusive data, our finding of the enhanced gastric emptying in the 
DIO rats is in agreement with the hypothesis that rapid gastric 
emptying in obese rats increases caloric or food intake due to a 
more rapid loss of satiety.

An altered postprandial response in autonomic functions to 
the test meal was found in the DIO rats in the present study ac-
cording to the spectral analysis of the HRV signal. Although no 
differences were noted in the sympathetic and parasympathetic 
activities in the fasting state between the control and DIO rats,  
the postprandial alterations observed in the control rats were ab-
sent in the DIO rats, suggesting an impairment of postprandial 
modulation of the autonomic functions in the DIO rats. We be-
lieve that this impaired response to food intake is important for 
the development of obesity. A number of previous studies showed 
altered sympathetic activity in the obese. A study using the 
24-hour urinary catecholamine excretion (norepinephrine) as a 
possible phenotypic marker for sympathetic activity showed high-
er basal sympathetic activity in DIO-prone rats.55 DIO rats were 
also found to have diminished basal and food-related neuronal ac-
tivation in certain brain areas involving food intake and autonom-
ic function.56-58 Altered sympathetic activity was noted: sym-
pathetic activity varied markedly as with the function of both diet-
ary composition and relative body weight during the development 
of DIO.58,59 The morbidly obese rats with VMH lesion exhibited 

low or impaired sympathetic activity.60-64 The VMH is a site in 
the hypothalamus for the regulation of the autonomic nervous 
system response to feeding; rats with damages in the VMH were 
reported to develop obesity and hyperphagia with reduced sym-
pathetic nervous system activity, delayed satiety and increased 
parasympathetic activity.61,62,65 While the sympathetic nervous 
system activity is highly differentiated in human obesity as pub-
lished in the literatures, the available data seemed to indicate that 
obesity was associated with elevated, reduced or no changes in 
sympathetic activity.66,67 Data obtained from the analysis of the 
HRV in obese subjects suggested reduced vagal activity and in-
creased LF/HF ratio in the fasting state in the obese, compared 
to lean subjects.68,69 

Attenuated central responses to GD and GES were observed 
in the DIO rats in this study and these have never been reported 
elsewhere to the best of our knowledge. The GES parameters we 
chose in the study were based on the clinical GES studies for obe-
sity treatment. These parameters were later found ineffective in 
reducing body weight in animals or humans. However, they were 
effective in altering central neuronal activities and therefore suit-
able for this study because the goal of this study was to compare 
the central neuronal responses to GES between lean and DIO 
rats. The VMH neuronal activity in the DIO rats was found to 
be less sensitive to GD and GES compared to the control rats. It 
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is known that in obese and lean animals/human subjects, there are 
dramatic differences in central metabolism, central pathways, 
hormonal expressions and functional signaling transit etc. 
Recently, Dr. Bouret et al70 used axonal labeling method and 
showed that selectively bred DIO rats, which are known to be 
leptin resistant, had defective arcuate nucleus of the hypothal-
amus (ARH) projections that persisted into adulthood. It is gen-
erally accepted that projection pathways from the ARH to other 
parts of the hypothalamus play a key role in the neural control of 
food intake and body weight, and leptin is required for normal 
development of ARH projections. The authors indicated that rats 
of genetic predisposition toward obesity displayed an abnormal 
organization of hypothalamic pathways involved in energy ho-
meostasis.70 Adult DIO rats showed evidence of central leptin 
resistance.71-73 The DIO rats were reported to have less leptin-in-
duced phosphorylated signal transducers and activators of tran-
scription 3 (pSTAT3) expression in the hypothalamic arcuate, 
ventromedial and dorsomedial nuclei.73 While on low-fat chow 
diet, rats prone to DIO over expressed arcuate nucleus neuro-
peptide Y mRNA compared to diet-resistant rats.74 DIO-prone 
rats were observed to have reduced sensitivity to the leptin-in-
hibited effects on the ARH neuropeptide Y expression.72 These 
studies demonstrated that selectively bred DIO rats had a defect 
in central leptin signaling, which antedated the onset of obesity. 
Binge-eating has been related to a dysfunction in the ghrelin sig-
naling system.75 Bulimic patients were found to show a lack of 
postprandial elevation in cerebrospinal fluid glucose concen-
trations; and it was conjectured that defective transport of glucose 
across the blood-brain barrier might account for the eating 
disorders.76 The neurobiological mechanisms of obesity are not 
well understood. A recent study used positron emission tomog-
raphy to assess the neurobiological responses to GES and re-
ported that obese patients with 1-2 year’s chronic gastric electrical 
stimulation showed significant changes in regional brain metabo-
lism; the statistical parametric mapping analysis of the brain met-
abolic images revealed enhanced activity in certain regions of the 
brain.32 Our data shows that obese rats are more resistance to GD 
with a physiological pressure and gastric electrical stimulation. 
These blunted reflexive effects from the gastric mechanical and 
electrical stimulations (GD and GES) to the brain in the obese 
rats would decrease the feedback satiety signal produced from the 
stomach. This helps us better understand the central hypo-
thalamic mechanisms of obesity. It should be pointed out that the 
exact mechanisms involved in the observed blunted responses to 
gastric mechanical and electrical stimulations in obese rats were 

not explored in the present study and deserve future investiga-
tions. Intuitively, the blunted central responses to gastric stim-
ulations could be attributed to the adaptation of the stomach to 
overeating (the stomach is constantly distended more in the obese 
rats than in the lean animals). From this study, it is clear that an 
appropriate animal model of obesity is needed in the development 
of therapeutic approaches for obesity since the peripheral and 
central responses to food intake and GD in obese are different 
from those in normal lean subjects. Although it is inconclusive 
whether patients with diabetes have accelerated gastric emptying, 
targeting gastric emptying might still be a good method for the 
development of novel obesity therapy. This is because whether 
the patient has normal or accelerated gastric emptying, delaying 
in gastric emptying by any obesity therapy would lead to pro-
longed meal interval and enhanced postprandial fullness and 
satiety. Based on the blunted responses of the obese rats to food 
intake and gastric stimulations (both mechanically and electri-
cally), one can anticipate that the development of therapeutic ap-
proaches for obesity is challenging and needs careful design and 
consideration. As shown in this study, the phenotypes of obese in-
volved both peripheral and central mechanisms as well as the 
brain-gut axis; it is therefore conceivable that for any therapeutic 
approaches to be effective, they must involve multiple pathways.  

In conclusion, the findings of this study verify the existence 
of the alterations in gastric emptying, autonomic and central neu-
ronal functions in obese rats. Diet-induced obesity is featured 
with abnormal or blunted responses to food intake and to gastric 
mechanical and electrical stimulation. Presumably, these findings 
not only reveal the possible peripheral and central functional 
changes in obese rats, but also help design and develop novel 
treatment methods of obesity. 
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